C ataracts are the leading cause of blindness in the world. 1 Most inherited cataracts have been associated with mutations in genes encoding proteins such as crystallins, connexins, or AQP0, with particular importance for the maintenance of lens transparency and homeostasis. The lens is a transparent avascular tissue that focuses light onto the retina. It consists of a single layer of epithelial cells that differentiate into elongated fiber cells, tightly packed in concentric layers. As the cells differentiate, their morphology and protein content change. For example, in the mammalian lens, AQP1 is expressed only in epithelial cells, 2 whereas AQP0 is expressed exclusively in fiber cells. 3 In addition, during differentiation the fiber cells lose their organelles and become metabolically inert. The center of the lens (lens nucleus) contains the most mature cells, and the lens periphery (lens cortex) contains the more recently differentiated cells (see Refs. 4, 5 for reviews).
AQP0 (previously MIP26) is the major intrinsic protein of the lens fiber cells 3, 6 and is primarily lens-specific, though several groups have recently found trace amounts of AQP0 in the liver and testis. 7, 8 In 1992, Peter Agre et al. 9 characterized the first water channel AQP1 and subsequently placed MIP26 in the aquaporin family by sequence homology, renaming it AQP0. Aquaporins are membrane proteins presenting six transmembrane domains with the N-and C termini on the intracellular side, three extracellular loops (A, C, and E) and two asparagine-proline-alanine signature motifs (referred to as NPA boxes). Thirteen members of the aquaporin family have been described in humans. Some aquaporins are strictly water channels (AQP0, AQP1, AQP2, AQP4) whereas others transport water and small molecules such as glycerol and mannitol (AQP3, AQP7, AQP9). 10, 11 The functional importance of AQP0 in the lens is well established since several human congenital cataracts have been linked to mutations in the AQP0 gene. [12] [13] [14] [15] Congenital cataracts develop in both AQP0 knockout mice 16 and cataract Fraser mice that have a defective AQP0. 17, 18 Although the importance of AQP0 in maintaining lens clarity is well known, the mechanisms by which it does so remain insufficiently described, partly because AQP0 is thought to have multiple functions. AQP0 was first described as an intercellular adhesion protein 19 localized in regions called thin junctions, where the extracellular space between fiber cells is extremely small. Recently, double-layered, two-dimensional crystals of AQP0 revealed that AQP0 membrane junctions formed readily on proteolytic cleavage of the C terminus. 20, 21 The authors suggest that this reflects a change of primary function from a water channel in the cortex of the lens to an adhesion molecule when cleaved in the lens nucleus. AQP0 has a 20 to 40 times lower water permeability than AQP1 and other members of the aquaporin family, [22] [23] [24] but its abundance in the fiber cells presumably compensates for its poor permeability. In the Xenopus oocyte expression system and in lens vesicle assays, AQP0 water permeability can be modulated by pH and calcium. [25] [26] [27] Calmodulin binding to the AQP0 C terminus mediates the calcium regulation. 26, 28, 29 In addition to its functions as a junctional protein and as a water channel, AQP0 interacts with the lens cytoskeletal proteins filensin and CP49 30 and with the gap junction protein connexin 45.6 (the chick homolog of human connexin 50). 31, 32 These properties suggest the possibility of additional novel roles for AQP0 in the lens.
The zebrafish (Danio rerio) embryo has unique properties that make it an excellent model for studying the role(s) of AQP0 during development. The eye is large, develops in a few days, 33 and is functional 3 days postfertilization (dpf). 34, 35 Zebrafish lens development and adult morphology are similar to those of other vertebrates, including mammals, with a few differences. For example, the zebrafish lens placode delaminates as a solid cluster of cells instead of a hollow lens vesicle as in mammals and birds. 36, 37 Nevertheless fiber cell differentiation and division closely follow the vertebrate pattern. 38 Ray-finned fish (which include teleosts such as zebrafish) experienced a genomewide duplication event early in their evolution, and many single-copy mammalian genes are found as functional duplicates in this lineage. Commonly, the function or expression pattern of the original single-copy gene is divided between the duplicated copies, and this phenomenon enables analyses of their distinct functions. 39 Analysis of the zebrafish genome reveals two aqp0 genes, Aqp0a and Aqp0b, closely related to the single mammalian ortholog, providing an opportunity to dissect the multiple functions of AQP0, which are subsumed in a single protein in mammals.
In this study we investigate the expression pattern of Aqp0a and Aqp0b genes during zebrafish development and describe the consequences of knocking down the expression of Aqp0a and Aqp0b in living zebrafish to lens development and transparency. Finally we study the water permeability of Aqp0a and Aqp0b expressed in Xenopus oocytes and in yeast. Collectively these data suggest that distinct functions of Aqp0a and Aqp0b are required for lens development in zebrafish.
METHODS

Zebrafish and Embryo Maintenance
The animal protocols used in this study adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Zebrafish (AB strain) were raised and maintained under standard laboratory conditions. 40 Embryos used for in situ hybridization were raised in 0.003% PTU (1-phenyl-2-thiourea; Sigma, St. Louis, MO) to prevent pigment formation, anesthetized in tricaine (3-aminobenzoic acid ethylester; Sigma), and fixed with 4% paraformaldehyde.
Wholemount In Situ Hybridization
Zebrafish Aqp0a and Aqp0b IMAGE clones (IMAGE 7140330 and IMAGE 7275955, respectively) were obtained from Open Biosystems (Huntsville, AL). Open reading frames of Aqp0a and Aqp0b were subcloned into the BamHI-BglII sites of pOTB7 (Berkeley Drosophila Genome Project) to produce probes for wholemount in situ experiments. Using SP6 and T7 RNA polymerase (mMACHINE Kit; Ambion Inc., Austin, TX), the antisense and sense RNA probes were synthesized and labeled with digoxigenin (Roche, Basel, Switzerland) in vitro. The wholemount in situ hybridization procedure was carried out as described previously. 41, 42 Fixed embryos at different stages were incubated with a digoxigenin-labeled probe, intensively washed, and incubated with an anti-digoxigenin antibody conjugated to alkaline phosphatase (Roche). The addition of alkaline phosphatase substrate BCIP (5-bromo-4-chloro-3Ј-indolyphosphate p-toluidine salt) (Roche) in combination with NBT (nitro-blue tetrazolium chloride; Roche) yielded an intense insoluble purple precipitate that marks the mRNA of the gene of interest. Images were taken on a microscope (Axioplan 2; Zeiss, Thornwood, NY) using a camera (Axioplan; Zeiss) and Openlab software (Improvision; PerkinElmer, Waltham, MA; http://www.improvision. com/products/openlab/).
Morpholinos
Antisense morpholino oligonucleotides (MOs; Gene Tools, LLC, Philomath, OR) were designed to block translation start sites in Aqp0a (AACTC-CCACATGGCTGCAAAAAGTC) and Aqp0b (CATAGAGCGAAACTCCCA-CATTATG). MOs were dissolved in Danieau buffer (NaCl 58 mM, KCl 0.7 mM, Hepes 5 mM, MgSO 4 0.4 mM, Ca(NO 3 ) 2 0.6 mM) to make 1-mM stock solutions that correspond to approximately a concentration of MOs of 8 ng/nL; MOs for Aqp0a were further diluted to 4 ng/nL in Danieau buffer. Then 0.5 to 1 nL of this solution was injected into single cell-stage embryos. MO efficiency and specificity were confirmed by Western blot analysis comparing control and morphant embryos. Observations of live embryos were performed on a Nikon (Tokyo, Japan) microscope with Hoffman optics, and images of cataracts taken using a high-performance (Cohu, Poway, CA) charge-coupled device camera and ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http:// rsb.info.nih.gov/ij/index.html).
Xenopus Oocyte Swelling Assay
Open reading frames of Aqp0a and Aqp0b were subcloned into the BglII site of the pX␤G vector 43 to synthesize cRNA to express Aqp0a and Aqp0b in Xenopus oocytes. Full-length cRNAs were generated by plasmid linearization with XbaI and transcription with T3 polymerase (mMACHINE Kit; Ambion Inc.). pX␤G-AQP0 bovine was a gift from Peter Agre and Gregory Preston, 43 and the Xenopus expression vector for MIPfun was a gift from Leila Virkki. 44 An HA tag (YPYDVPDYA) or a Flag tag (DYKDADDDK) was added at the N terminus of Aqp0a and Aqp0b to generate HA-Aqp0a, Flag-Aqp0a, HA-Aqp0b, and Flag-Aqp0b.
Adult Xenopus laevis females were anesthetized, and stage V and VI oocytes were prepared and injected with 10 ng cRNA (or as stated), as previously described. 22 The oocytes were incubated in Barth's solution (NaCl 88 mM, KCl 1 mM, HEPES 5 mM, CaCl 2 0.41 mM, Ca(NO 3 ) 2 0.33 mM, MgSO 4 0.82 mM, NaHCO 3 2.4 mM; pH 7.4) for 2 or 3 days at 17°C. Swelling assays were performed at 20°C by transferring oocytes from 210 mOsm (100% ND96: NaCl 96 mM, KCl 2 mM, HEPES 5 mM, CaCl 2 1.8 mM, MgCl 2 1 mM, Na-pyruvate 2.5 mM; pH 7.4).) to 105 mOsm (50% ND96) solution adjusted to 1.8 mM calcium concentration and pH 7.4. Swelling rates were determined by an automated video imaging system using NIH Image software as previously described.
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Saccharomyces cerevisiae Water Permeability Assay
This protocol was modified from the Pichia pastoris assay developed by Daniels et al. 45 Open reading frames of Aqp0a and Aqp0b were cloned into the BamHI or BamHI-HindII site of the pYES2 expression vector (Invitrogen, Carlsbad, CA), respectively. The resultant constructs, as well as an empty pYES2 vector control, were transformed by the lithium acetate method 46 into the W303-1A strain of Saccharomyces cerevisiae (ATCC 208352). Cultures (100 mL) were inoculated with stationary phase-transformed cells and grown at room temperature (22°C) in synthetic raffinose media (0.67% yeast nitrogen base without amino acids, 1% raffinose, 2% [vol/vol] glycerol, 2% [vol/vol] lactic acid) supplemented with complete nutrients except uracil 47 overnight to an OD 600 of 0.7. Expression of Aqp0a and Aqp0b was induced by the introduction of galactose to 2%, and the cultures were allowed to grow for an additional 5 hours. The yeast cells were collected by centrifugation at 2200g for 10 minutes at room temperature. The pellets were resuspended in 1 mL ddH 2 O and spun again at 2000g for 5 minutes at 4°C centigrade. The resultant pellet was resuspended in 0.8 M sorbitol and vortexed very slowly for 1 hour at room temperature. Then 3000 U lyticase (Sigma-Aldrich) was added, and vortexing continued for another hour. The OD 600 of the resultant spheroplasts was measured and adjusted to OD 600 0.2 to 0.3 by dilution using 0.8 M sorbitol. Once all spheroplast solutions were at the same OD 600 , each sample was further diluted 1:10 in 0.8 M sorbitol. Diluted spheroplast (100 L) was aliquotted into spectrophotometer cuvettes (1.5-2.5 mL capacity). Cuvettes were placed into a spectrophotometer (DU650; Beckman Coulter, Hialeah, FL) set to read OD 600 every 4 seconds for 20 seconds, and 900 L of either 0.8 M or 2.0 M sorbitol was added and the measurement started (T 0 ). Samples that were tested with 0.8 M sorbitol as a control showed no change in OD 600 . The change in OD 600 over the 20-second time course was calculated to produce ⌬OD.
Membrane Protein Extracts and Immunoblot Analysis
Lenses were dissected from adult fish 1, 2, and 3 years old. Larval eyes were dissected at 3 dpf. Lens and eye membranes were prepared with a protein extraction kit (ProteoExtract Native Membrane; Calbiochem, La Jolla, CA). For Western blot analysis, solubilized membrane proteins equivalent to 1 ⁄ 50 of an adult lens or the equivalent of 20 larval eyes were loaded onto SDS gel (NuPage 4%-12%; Invitrogen). Membrane extracts from Xenopus oocytes were prepared, and solubilized membrane proteins equivalent to 1 ⁄ 4 of an oocyte for each sample were loaded onto SDS gel (NuPage 4%-12%; Invitrogen). Polyclonal antibodies recognizing the zebrafish Aqp0a and Aqp0b were raised against the C-terminal peptides N-CVRGLSERLAVLKGNK-C and N-CFSERLATLKGSRPPE-C (Covance, Inc., Princeton, NJ) and were specific for Aqp0a and Aqp0b respectively, (see Fig. 3B ).
Pronase Treatment
Three days after cRNA injection Xenopus oocytes were incubated in Barth's solution with pronase (0.2 mg/mL) at 16°C for 16 hours with no agitation. The oocytes were washed in Barth's solution with protease inhibitor (Complete tablet; Roche), and the membrane extracts were immediately prepared as described. Solubilized membrane proteins equivalent to five oocytes of each sample were loaded onto SDS gel (NuPage 4%-12%; Invitrogen) and analyzed by Western blot.
RESULTS
Two Aquaporin 0 Genes in Zebrafish and Other Teleosts
BLAST searches for AQP0 sequences in the entire pool of genomes available at NCBI revealed that two aqp0s are conserved between zebrafish (Danio rerio) and puffer fish (Tetraodron nigroviridis, Takifugu rubripes), most likely a product of the genomewide duplication that occurred at the base of the teleost fish lineage. 48 -51 Vihtelic et al. 52 identified both zebrafish aqp0 genes in a lens library made from adults and named them MIP1 and MIP2; here we refer to them as Aqp0a and Aqp0b, in accordance with the aquaporin nomenclature. AQP0s from fish (zebrafish, puffer fish, puffer fish fugu, Mexican tetra, and killifish) are segregated into two distinct branches in the dendrogram: Aqp0as and Aqp0bs (Fig. 1A ). Zebrafish Aqp0a is 96% similar to the killifish AQP0 (MIPfun), which is a water channel. 44 Zebrafish Aqp0a and Aqp0b amino acid sequences share 85% identity (221 of 263 identical amino acids) and 95% similarity using the Gonnet similarity matrix. 53 We predicted the structures of the two zebrafish AQP0s based on their sequences and compared them to the published mammalian AQP0 structures. 21, 54 Only 14 positions distinguish the dendrogram branch of Aqp0a sequences from the Aqp0b branch (Fig. 1B, black arrows) , but the analysis of the sequence alignment gives little direct insight into why both genes have been retained or how they might differ in function. Residues that influence the pH sensitivity of AQP0 (histidine [H] 39, H40, H43, H122) 25, 26 differ both within and across species, suggesting variation in water-permeability regulation. The mammalian AQP0 C terminus presents several serines that are sometimes phosphorylated in the lens. 55 Three serines (S229, S231, S235) are particularly important because they are located within a consensus calmodulin-binding site, and their phosphorylation determines the calcium sensitivity of AQP0 water permeability. 29 Similarly, the C terminus of Aqp0a contains a potential calmodulin-binding site, but with only one serine residue (S231) instead of the three (S229, S231, S235). Aqp0b also presents a threonine at position 236. Both S231 and T236 of fish AQP0 are potential PKC phosphorylation sites (NetPhos). By analogy with bovine AQP0, this suggests that the water permeability of fish Aqp0s could be modulated by calcium by calmodulin binding and that phosphorylation could play a significant role.
Aqp0a and Aqp0b Expressed in the Lens
Wholemount in situ hybridization was performed on zebrafish embryos from 19 to 72 hours postfertilization (hpf) using Aqp0a and Aqp0b antisense and sense probes. A signal was first detected in the lens at 22 hpf for both probes (Figs. 2A, 2B ) when the lens contained a small number of undifferentiated cells. 36 A stronger signal was detected in the lens at 30 hpf and at later stages for both genes (Figs. 2C-J, 2O-R (Figs. 2K-N) . We conclude that both Aqp0a and Aqp0b expression are lens specific and persist throughout lens development.
Western blot analyses confirmed the expression of both proteins in larval and adult lenses (Fig. 3A) . We raised antibodies directed against the C terminus of Aqp0a, which recognized a band at 26 kDa that corresponded to the expected size of full-length AQP0. At 3 dpf, only full-length Aqp0a was detected, whereas in adult lenses there were two lower molecular weight bands of approximately 19 and 22 kDa. These lower molecular weight forms increased in abundance with age, such that the 1-year-old lens contained predominantly the intact protein and a little of the 22-kDa product, whereas the 2-and 3-year-old lenses also contained the 19-kDa form. These likely result from proteolysis of AQP0, as occurs in the mammalian lens during aging. 55 Similarly, an Aqp0b antibody was raised that recognized a band at the expected full-length protein size (26 kDa) in 3 dpf and adult lenses and an additional lower band (ϳ22 kDa), which probably corresponded to a cleaved form in lenses older than 1 year. Taken together, these results suggest that Aqp0a and Aqp0b are both expressed during lens development and persist in the adult lens, where they undergo posttranslational modifications resulting in multiple cleaved forms.
Western blot analysis on membrane-enriched fractions from Xenopus oocytes overexpressing Aqp0a and Aqp0b confirmed the antibodies are specific for their target proteins (Fig. 3B) . The Aqp0b antibody also recognized a band at approximately 40 kDa, which probably corresponded to a modified form of Aqp0b present only in the membranes of oocytes overexpressing Aqp0b.
Cataract Formation in Aqp0a and Aqp0b Morphants
To test whether Aqp0a and Aqp0b are necessary for lens development, we depleted them from zebrafish embryos with antisense MOs designed to target translation-start sites and inhibit translation. In preliminary experiments, we injected 0.5 to 8 ng of each MO (Aqp0a-MO; Aqp0b-MO) to determine the toxicity and range in which specific phenotypes appear. Aqp0a-MO above 4 ng per embryo and Aqp0b-MO above 8 ng were toxic; therefore, we injected 2 to 4 ng Aqp0a-MO and 4 to 8 ng Aqp0b-MO. Single morphants for either AQP0 alone formed cataracts by 3 dpf, as did double morphants ( Fig. 4A; 90% FIGURE 3 . Expression of Aqp0a and Aqp0b in larval and adult zebrafish lens. (A) Western blot analyses were performed on membrane proteins from zebrafish 3-day-old, 1-year-old, 2-year-old, and 3-year-old lenses using antibodies directed against Aqp0a and Aqp0b, respectively. Both antibodies recognized a band at 26 kDa demonstrating the presence of Aqp0a and Aqp0b in the larval and adult zebrafish lens. Additional bands (arrowheads) are detected at lower molecular weight that could indicate the cleavage of Aqp0a and Aqp0b during aging. (B) Western blot analysis was performed on membrane proteins from Xenopus oocytes uninjected or expressing bovine AQP0, Aqp0a, or Aqp0b. The antibody directed against Aqp0a recognized a band at 26 kDa in the membranes of oocytes expressing Aqp0a. Similarly, the antibody directed against Aqp0b recognized a band at 26 kDa in the membranes from oocytes expressing Aqp0b. These Western blots demonstrate the specificity of the anti-Aqp0a and anti-Aqp0b antibodies. The anti-Aqp0b antibody also recognized a band at 40 kDa in the oocytes expressing Aqp0b, presumably a posttranslational modification of Aqp0b. , and double morphants revealed marked opacity and roughness in the lens core at 3 dpf. In contrast, the control lenses were smooth looking.
(B) Aqp0a and Aqp0b expression in morphants eyes. Western blot analysis was performed on membrane proteins from eyes from 3 dpf control embryos and Aqp0a morphants, Aqp0b morphants, and double morphants using antibodies directed against Aqp0a and Aqp0b, respectively.
Aqp0b-MO). Control lenses (from uninjected embryos) were transparent and appeared smooth under Hoffman optics, but morphant lenses contained a central cloudy region and appeared rough under Hoffman optics. Cloudiness ranged from a small central area to larger cataracts encompassing most of the lens. In rare cases the same fish had one eye with a cataract while the other appeared unaffected, most likely because of asymmetric distribution of MO. Other aspects of embryo morphology were unaffected. We confirmed that each MO was specific for its target by performing Western blot analysis on membrane proteins from MO-injected (morphant) eyes (Fig. 4B) . Thus both Aqp0a and Aqp0b are necessary for lens transparency, supporting the hypothesis that Aqp0a and Aqp0b have distinct functions.
Aqp0a Is a Water Channel But Aqp0b Is Not
We tested the water permeability of Aqp0a and Aqp0b using two experimental approaches: the Xenopus oocyte-swelling assay and a novel assay using S. cerevisiae spheroplasts. Zebrafish Aqp0a and Aqp0b were expressed in Xenopus oocytes, which were then subjected to a hypotonic challenge with their swelling rate recorded. This rate was used to calculate the water permeability (P f ) for oocytes injected with 10 ng cRNA for Aqp0a and Aqp0b (Fig. 5A) . Bovine AQP0 and killifish MIPfun served as positive controls for aquaporin-induced permeability. Aqp0a increased water permeability as efficiently as MIPfun, whereas Aqp0b-injected oocytes showed no significant difference from uninjected controls. To measure the dose response of each type of AQP0, oocytes were injected with varying amounts of Aqp0a or Aqp0b cRNA (Fig. 5B) . For Aqp0a, permeability increased steeply between 0 and 1 ng and reached a plateau at 5 to 10 ng. In contrast, Aqp0b cRNA did not increase water permeability, even when oocytes were injected with 90 ng. We conclude from these results that Aqp0a acts as a water channel whereas Aqp0b does not, at least in the Xenopus oocyte expression system.
Western blot analysis on membrane-enriched fractions from Xenopus oocytes overexpressing Aqp0a and Aqp0b confirmed that both proteins were present (Fig. 3B) . To determine whether Aqp0b was present in the plasma membrane (and not trapped in other membranes inside the oocyte), we treated intact cells with trypsin or pronase 56, 57 ( loops. The C terminus antibody for Aqp0b works well on Western blots and shows the predicted fragments for cuts by pronase and trypsin at the extracellular loop sites. The predicted fragment molecular weights are 16.4 kDa and 7.6 kDa, and the observed values on the blot are 27 kDa for the full-length protein (predicted actual MW 28.8 kDa) and 18 kDa and 10 kDa for the Aqp0b fragments. Thus the molecular weights of the observed fragments are within experimental error of the expected values. Although the differences between Aqp0a and Aqp0b are small, some possibly critical differences occur in the external loops near the trypsin-site-forming arginines. In loop C, the second external loop, pronase and trypsin cut both proteins (the trypsin site is Arg113), giving a fragment of the expected molecular weight. In loop E, the third external loop, Aqp0a has a tyrosine where Aqp0b has threonine. Pronase and trypsin both give the predicted short fragment for Aqp0b but not for Aqp0a (Fig. 5C) . The probable explanation for this is that the large tyrosine ring somehow reduces the accessibility of the adjacent arginine to protease cleavage, possibly by steric hindrance or by shifting the arginine deeper into the membrane.
Pronase is a cocktail of enzymes containing trypsin and chemotrypsin, along with multiple additional enzymes likely to cut almost any accessible portion of the protein. Pronase typically breaks most soluble proteins down into their component amino acids. In our experiment, pronase cut in a pattern indistinguishable from that of trypsin. Thus pronase can have access only to the external loops where trypsin cuts. Notably, it cannot have access to the C terminus, which it would destroy, leaving nothing to be seen on the Western blot. The ability of external proteolytic enzymes to cleave Aqp0b at the predicted external sites without cleaving any of the internal sites clearly demonstrates its presence in the plasma membrane. Additionally, the distinct patterns of proteolytic cleavage indicate differences between the structure of the extracellular loops of Aqp0a and Aqp0b.
To test the hypothesis that Aqp0b could alter the water permeability of Aqp0a, we coinjected Aqp0a and Aqp0b cRNA. However, the water permeability did not differ from that of Aqp0a alone (Fig. 5D ). Although we do not know whether the two aquaporins physically interact, they do not have a functional interaction, at least as assayed by water permeability in Xenopus oocytes.
Because posttranslational processing differs in different expression systems and such processing might account for our failure to observe a water permeability increase for Aqp0b, we expressed both Aqp0a and Aqp0b in the W303-1A strain of the yeast S. cerevisiae. We chose the W303-1A strain because it expresses two native but inactive aquaporins and, therefore, has no endogenous aquaporin-mediated water permeability. 58 The yeast expression system has been used successfully for functional studies of aquaporins that failed to localize to the plasma membrane in Xenopus oocytes. 59 We confirmed expression of both types of AQP0 in yeast membranes by Western blot (data not shown) and tested for water channel activity using a yeast spheroplast shrinking assay. Changes in cell shape and volume can be determined by photometry, 60 and studies on wild-type P. pastoris spheroplasts showed that changes in optical absorbance were inversely proportional to the changes in external osmolarity. 45 In our assay, spheroplast shrinking in response to hyper-osmotic shock was monitored by measuring ⌬OD 600 between T 0 and T 20sec . Control spheroplasts and spheroplasts expressing nonfunctional water channels shrink significantly over the course of the 20-second experiment (Fig. 6) . In contrast, spheroplasts expressing functional water channels such as Aqp0a exhibited a much smaller increase in ⌬OD 600 between T 0 and T 20sec , and we deduced that they did not shrink as much as the control spheroplasts between T 0 and T 20sec . Stop-flow experiments showed that the hyperosmoticinduced change in light scattering of proteoliposomes containing water channels was essentially complete in less than 2 seconds. 59 Based on this information, we infer that spheroplasts expressing functional water channels shrink nearly instantaneously with hyperosmotic shock and are therefore already predominantly shrunk before T 0 . Minimal further shrinking was observed over the 20-second experiment. The observed change in OD was, therefore, smaller in spheroplasts expressing functional water channels than in control spheroplasts or those expressing nonfunctional water channels. The observed change in OD is inversely correlated to the water permeability of the spheroplast. The ⌬OD 600 between T 0 and T 20sec for spheroplasts expressing Aqp0b was not significantly different from the control spheroplasts, indicating that Aqp0b is not a functional water channel in S. cerevisiae. Thus both proteins behave in yeast just as they do in the Xenopus expression system, further demonstrating that Aqp0a and Aqp0b have distinct functions.
Effect of Tags on the Water Permeability of Aqp0a and Aqp0b
We tagged the N terminus of Aqp0a and Aqp0b with HA or Flag to detect the proteins by Western blot using available antibodies. We expressed the tagged proteins in Xenopus oocytes and measured their water permeability (Fig. 7A) . Interestingly, HAAqp0b-injected oocytes showed water permeability significantly larger than oocytes injected with untagged Aqp0b or uninjected oocytes. HA-Aqp0a and Flag-Aqp0a had water permeability significantly greater than that of uninjected oocytes but lower than that of untagged Aqp0a. Three days after the injection of HA-Aqp0a, HA-Aqp0b, or Flag-Aqp0a, water permeability was higher than at 2 days, suggesting that their trafficking to the plasma membrane was slower than that of wild-type Aqp0a (data not shown). Flag-Aqp0b did not exhibit any water permeability 2 or 3 days after injection, even though the proteins were expressed in the oocytes (Fig 7B) .
We performed Western blots on membrane proteins from Xenopus oocytes expressing Aqp0a, HA-Aqp0a, Flag-Aqp0a, Aqp0b, HA-Aqp0b, or Flag-Aqp0b (Fig. 7B) . The antibody directed against Aqp0a recognized a band at 26 kDa in the membranes from oocytes expressing Aqp0a and a slightly higher band in HA-Aqp0a and in Flag-Aqp0a expressing oocytes. Anti-Aqp0b antibody recognized a band at 26 kDa in the membranes from oocytes expressing Aqp0b and a slightly higher band in oocytes expressing HA-Aqp0b and Flag-Aqp0b. The band at 40 kDa present in the oocytes expressing Aqp0b was also expressed in the HA-Aqp0b oocytes. Because the same MW-increasing posttranslational modification occurred in both the functional water channel and the dysfunctional Aqp0b, it could not account for the lack of water permeability.
We suggest that Aqp0b is a closed water channel under the conditions we tested in both Xenopus oocytes and yeast and that the addition of the HA tag deregulates the gating mechanism, resulting in channel opening. It is worth noting that of the two different tags, HA (YPYDVPDYA) and Flag (DYKDADDDK), only HA resulted in increased water permeability for Aqp0b. HA is the least charged and is hydrophilic, properties that could promote interactions with other parts of the protein.
DISCUSSION
Our results clearly establish that two AQP0 genes in zebrafish are essential for normal lens development and clarity and that the two forms have distinct functional properties.
We show that Aqp0a and Aqp0b transcripts are expressed exclusively in the lenses of zebrafish embryos starting at 22 hpf at the onset of differentiation (Fig. 2 ) and in adult lenses, similar to mammalian AQP0. 61 A recent study by TingaudSequeira et al. 62 using RT-PCR confirms the expression of Aqp0a and Aqp0b in the adult eye and, interestingly, detected the Aqp0b transcript in ovarian tissues. The pattern of expression of zebrafish Aqp0s suggests that AQP0 plays a conserved role in lens development across vertebrates.
In mammals AQP0 is essential for lens development, transparency, and homeostasis. Several human families with mutations of AQP0 [12] [13] [14] [15] as well as knockout mice 16 present a congenital cataract. Similarly, the depletion of both AQP0s, Aqp0a and Aqp0b, led to cataract formation at 72 hpf in zebrafish. This phenotype suggests that Aqp0a and Aqp0b together supply all the necessary AQP0 functions in the lens. All AQP0 morphants presented central cataracts at 72 hpf, 2 days after Aqp0a and Aqp0b mRNAs were first detected in the lens placode, suggesting that neither is necessary for early lens development. Similarly, the deficiency of AQP0 in mouse does not prevent lens fiber differentiation and elongation but is essential for the establishment and maintenance of both individual fiber shape and overall fiber arrangement. 63 Interestingly, the depletion of each Aqp0a and Aqp0b separately led to cataract formation. One could propose that after the gene duplication event both proteins retained all the ancestral gene functions and that the quantitative contribution of both genes is required in the lens. We offer three arguments against this suggestion. First, the Aqp0a transcript is far more abundant than the Aqp0b transcript 52 ; hence, if their functions are simply additive, depleting Aqp0a should produce a stronger or an earlier cataract than depleting Aqp0b would produce. Second, mouse lenses expressing half the amount of AQP0 (heterozygotes AQP0Ϯ) are transparent at birth and become translucent at 3 weeks but never develop cataracts. 63 Third, Aqp0a is a functional water channel in Xenopus oocytes and in yeast whereas Aqp0b is not. This alone establishes that the functionality of the ancestral AQP0 is not uniformly distributed among the two fish proteins. Therefore, we suggest that the AQP0 gene duplication in fish resulted in functional partitioning in which Aqp0a and Aqp0b each performs some, but not all, of the ancestral AQP0 functions. Thus the results of our MO experiments are best explained if each protein has a distinct function or, alternatively, if each confers water permeability at a different location or at a different time. Aqp0a most likely acts as a water channel in the zebrafish lens. Aqp0b either does not act as a water channel or is regulated differently from Aqp0a. The fact that the addition of an N terminus HA tag renders Aqp0b water permeable implies that it may be able to operate as a water channel under certain conditions in the lens.
Alternatively, Aqp0b may perform other essential functions of AQP0 in the lens, such as in the formation of thin junctions. AQP0 is found in microdomains called thin junctions, described as ribbons, whereas AQP0 tetramers face an opposing particle-free plasma membrane resulting in an extremely narrow (0.5-0.7 nm) extracellular space compared with gap junction thickness (2-3 nm). 64, 65 The capacity of AQP0 to form thin junctions was the first function described for AQP0. 19,66 -69 Additionally, in double-layered crystals of carboxyl-terminally cleaved AQP0, the extracellular loops of opposing tetramers interact to form membrane junctions. 20, 70 The water perme- FIGURE 6. Aqp0a and Aqp0b water permeability in yeast spheroplasts. Water permeability was tested for yeast spheroplasts expressing Aqp0a or Aqp0b. Spheroplasts containing a blank vector were used as a control. Control spheroplasts and spheroplasts expressing Aqp0b displayed increased absorption at 600 nm (significant shrinking) over the course of the 20-second experiment, resulting in a positive ⌬OD 600 . Spheroplasts expressing Aqp0a shrank nearly instantaneously with the hyperosmotic shock and were, therefore, shrunk before the first time point of the 20-second experiment, resulting in a lower magnitude ⌬OD 600 . Water permeability and ⌬OD 600 were inversely related. Aqp0b water permeability was not statistically different from that of the control (P Ͼ 0.1). *P Ͻ 0.02 using the Student's t-test.
HA-Aqp0b
Flag-Aqp0b Oocytes expressing Aqp0a and HA-Aqp0a exhibited similar water permeability, demonstrating that the HA tag had no effect on Aqp0a in standard conditions. Surprisingly, oocytes expressing HA-Aqp0b presented water permeability significantly different from that of uninjected oocytes and oocytes expressing Aqp0b. Flag-Aqp0a water permeability was significantly different from that of uninjected oocytes but lower than that of Aqp0a. Flag-Aqp0b-expressing oocytes were not different from uninjected oocytes. *Significantly different from uninjected. (B) Western blot analyses were performed on membrane proteins from Xenopus oocytes uninjected or expressing Aqp0a, HA-Aqp0a, Flag-Aqp0a, Aqp0b, HA-Aqp0b, and Flag-Aqp0b. Anti-Aqp0a and anti-Aqp0b antibodies recognized a band at 26 kDa in the membranes of oocytes expressing Aqp0a and Aqp0b and a slightly higher band in HA-Aqp0a-, Flag-Aqp0a-, HA-Aqp0b-, and Flag-Aqp0b-expressing oocytes. Note that the extra band at 40 kDa in the oocytes expressing Aqp0b was also present in the oocytes expressing HA-Aqp0b, demonstrating that this presumed modification was not responsible for the lack of function of Aqp0b.
ability of AQP0 in the junctional form remains a matter of debate. 21, 71 The crystal structure of the junctional form of AQP0 implies a closed channel. 21 Hence, we propose that Aqp0b is a closed pore that forms thin junctions in the zebrafish lens. We can suggest a parallel mechanism that closes the channel of mammalian AQP0 and creates a junctional protein when its C terminus is cleaved and that opens Aqp0b when a HA tag is added at its N terminus. Both protein modifications occur on the cytoplasmic side of the membrane and suggest conformational changes in the protein that lead to changes in the function of AQP0.
Furthermore, most of the known AQP0-interacting proteins-connexins, crystallins, and intermediate-filament proteins-are found in zebrafish. If those proteins have the same roles in the zebrafish lens as their mammalian orthologs do, they probably interact in a similar fashion with either Aqp0a or Aqp0b. Mammals express three different connexins necessary for normal lens development and transparency 72 : Cx43 in the epithelial cells, Cx46 in the fiber cells, and Cx50 in both epithelial and fiber cells. The association of AQP0 with connexins 50 and 46 in "mixed-junctions," 64 the dramatically altered size of gap junctions in AQP0-deficient mice, 63, 73 and the direct interaction of chick AQP0 with Cx45.6 (ortholog to human Cx50) during early lens development 31, 32 together imply a close relationship between connexins and AQP0 in the lens in different species. All three mammalian lens connexins have orthologs in zebrafish, 74 and the depletion of zebrafish Cx48.5 (ortholog of human Cx46) leads to cataract formation, 75 suggesting equivalent roles for zebrafish connexins and their mammalian counterparts and possible interactions with Aqp0b, Aqp0a, or both. AQP0 also interacts with four major crystallins (␣A, ␣B, ␤B2, and ␥C), effectively recruiting the crystallins to the plasma membrane most likely to reduce differences in refractive index at the interfaces of membrane and cytoplasm. 76 -79 In zebrafish, ␣, ␤, and ␥ crystallins are also expressed in the lens from 24 hpf, 80, 81 consistent with interactions with Aqp0b, Aqp0a, or both. Additionally, AQP0 interacts (directly or indirectly) with intermediate filaments in the lens, beaded filaments formed by filensin and CP49, 30 which may provide the means for cortical fibers to form and maintain their hexagonal fiber cell shape. CP49 (but not filensin) has been found in an adult zebrafish cDNA library. 52 The separation of functions between two AQP0s in zebrafish offers a unique opportunity to investigate the role of those interactions in lens development and transparency.
In conclusion, we have shown that both zebrafish Aqp0s are expressed in the lens and are necessary for proper lens development and transparency. Aqp0a, but not Aqp0b, is a functional water channel in Xenopus oocytes and in S. cerevisiae. We suggest that in the lens, Aqp0a supplies water permeability and Aqp0b adhesion or interactions (or both) with other lens components. Our results demonstrate conserved requirements for AQP0 in lens development as well as lens transparency and that mammalian AQP0 functions are distributed between Aqp0a and Aqp0b in teleosts. This work further illustrates how the disruption of any function or subfunction of essential lens proteins, such as AQP0, can lead to cataracts. A better understanding of cataract formation will permit drug designs that will potentially have major impacts on human health and welfare.
